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ABSTRACT
To use strongly lensed Type Ia supernovae (LSNe Ia) for cosmology, a time-delay measurement between the multiple supernova (SN)
images is necessary. The sharp rise and decline of SN Ia light curves make them promising for measuring time delays, but microlensing
can distort these light curves and therefore add large uncertainties to the measurements. An alternative approach is to use color curves
where uncertainties due to microlensing are significantly reduced for a certain period of time known as the achromatic phase. In this
work, we investigate in detail the achromatic phase, testing four different SN Ia models with various microlensing configurations. We
find on average an achromatic phase of around three rest-frame weeks or longer for most color curves but the spread in the duration
of the achromatic phase (due to different microlensing maps and filter combinations) is quite large and an achromatic phase of just a
few days is also possible. Furthermore, the achromatic phase is longer for smoother microlensing maps, lower macro-magnifications
and larger mean Einstein radii of microlenses. From our investigations, we do not find a strong dependency on the model or on
asymmetries in the SN ejecta. We find that six rest-frame LSST color curves exhibit features such as extreme points or turning points
within the achromatic phase which make them promising for time-delay measurements, although only three of the color curves are
independent. These curves contain combinations of rest-frame bands u, g, r, and i and to observe them for typical LSN Ia redshifts, it
would be ideal to cover (observer-frame) filters r, i, z, y, J, and H. If follow-up resources are restricted, we recommend r, i, and z as the
bare minimum for using color curves and/or light curves since LSNe Ia are bright in these filters and observational uncertainties are
lower than in the infrared regime. With additional resources, infrared observations in y, J, and H would be useful for obtaining color
curves of SNe, especially at redshifts above ∼ 0.8 when they become critical.
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1. Introduction
On the one hand, there is a tension in the Hubble constant H0
of at least 4σ (Verde et al. 2019) between the early Universe
measurements (Planck Collaboration 2018) and late Universe
measurements from the Cepheids distance ladder (e.g., Riess
et al. 2016, 2018, 2019). On the other hand, the Hubble constant
from the distance ladder using the Tip of the Red Giant Branch
(Freedman et al. 2019, 2020) is consistent with both the Planck
results and the Cepheids. To assess the tension and whether new
physics is required to reconcile the tension, independent meth-
ods and measurements of H0 are important. Lensing time-delay
cosmography is a powerful tool to measure H0 in a single step
(Refsdal 1964), independent of other probes. The time delay can
be inferred from a variable source, strongly lensed into mul-
tiple images by an intervening galaxy or galaxy cluster. This
technique has been applied successfully to six lensed quasars
to measure H0 with 2.4 percent precision (e.g., Suyu et al. 2017;
Courbin et al. 2017; Bonvin et al. 2018; Birrer et al. 2019; Sluse
et al. 2019; Rusu et al. 2019; Chen et al. 2019; Wong et al. 2019),
and more systems are being analyzed (Shajib et al. 2019; Millon
et al. 2019; Birrer et al. 2020).
Instead of quasars, strongly lensed type Ia supernovae (LSNe
Ia) are promising for measuring H0 given that: (1) character-
istic supernova (SN) light curve shapes make time-delay mea-
surements possible on shorter time scales, (2) SNe fade away
facilitating measurements of dynamics of the lens (Barnabe`
et al. 2011b; Yıldırım et al. 2017; Shajib et al. 2018; Yıldırım
et al. 2020) to break model degeneracies e.g. the mass-sheet
degeneracy (Falco et al. 1985; Schneider & Sluse 2014), and
(3) SNe Ia are standardizable candles which allow us to break
model degeneracies, independently of dynamics, for lens sys-
tems whose lensing magnifications are well characterized (Oguri
& Kawano 2003; Foxley-Marrable et al. 2018). So far two LSNe
with resolved multiple images have been observed, namely
SN “Refsdal” (Kelly et al. 2016a,b) and iPTF16geu (Goobar
et al. 2017), but we expect to find about 500 to 900 LSNe Ia
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(Quimby et al. 2014; Goldstein & Nugent 2017; Goldstein et al.
2018; Wojtak et al. 2019) with the upcoming Rubin Observatory
Legacy Survey of Space and Time (LSST).
To measure time delays between different images of a LSN
Ia, one could use spectra, light curves and/or color curves.
Problems arise from microlensing, i.e. additional magnification
from stars in the lens galaxy, which influences images indepen-
dently from each other and therefore adds uncertainties to the
delay measurement (Yahalomi et al. 2017; Goldstein et al. 2018;
Foxley-Marrable et al. 2018; Huber et al. 2019; Pierel & Rodney
2019). While the influence of microlensing on spectra and light
curves is strong in certain configurations, color curves have the
advantage that if microlensing affects light curves from different
filters in a similar way, it cancels out in the color curves. This has
first been investigated by Goldstein et al. (2018), showing that
microlensed color curves of LSNe Ia are “achromatic”, i.e., their
color curves are independent of microlensing, up to three rest-
frame weeks after explosion and therefore time-delay uncertain-
ties are reduced from approximatley 4% to 1% if color curves
are used instead of light curves. Huber et al. (2019) have inves-
tigated this further using the spherically symmetric W7 model
(Nomoto et al. 1984) (similar to Goldstein et al. (2018)) for a
specific magnification map (with lensing convergence κ = 0.6,
shear γ = 0.6, and smooth matter fraction s = 0.6). Huber et al.
(2019) also find the presence of an achromatic phase, but only
for color curves where the specific intensity profiles are similar.
In this paper, we explore the achromatic phase further, especially
to test if it is only present in the W7 model or if other SN Ia mod-
els, including multidimensional and asymmetric ones, also show
an achromatic phase. In addition, we investigate the dependency
of the duration of the achromatic phase on different microlensing
maps and color curves.
This paper is organized as follows. In Section 2 we present
different SN Ia models investigated in this work. The calculation
of microlensed SN Ia light curves is shown in Section 3 and
results are presented in Section 4, before we conclude in Section
5.
2. SN Ia models
SNe Ia have most likely their origin in a thermonuclear explosion
of a carbon-oxygen White Dwarf (WD) (e.g., Hoyle & Fowler
1960), but details about the progenitor and explosion mecha-
nism are still unknown. The classical textbook scenario is the
single degenerate case where a non-rotating WD is stable un-
til it approaches the Chandrasekhar mass limit, MCh ≈ 1.4M
(Whelan & Iben 1973; Nomoto 1982), due to the accretion from
a main sequence star or a red giant. Today this classical scenario
has lost some of its relevance and there are other mechanisms
considered where the WD explodes before the Chandrasekhar
mass is reached, which are typically called sub-Chandrasekhar
(sub-Ch) explosions (Sim et al. 2010). Further, for the thermonu-
clear burning, one distinguishes between detonation (supersonic
shock) and deflagration (subsonic heat conduction). Another ap-
proach for SNe Ia is the violent merger mechanism which be-
longs to the family of double-degenerate scenarios in which the
companion is another WD (see Pakmor et al. 2010, 2011, 2012,
2013). At the moment it is not clear which of the scenarios is
the right one to describe SNe Ia and whether multiple scenar-
ios or just a single one can explain the observed SN Ia explo-
sions. More details can be found in, e.g. Hillebrandt & Niemeyer
(2000), and Hillebrandt et al. (2013).
In this work we investigate four different SN Ia models to
test the dependency of the achromatic phase on these models.
The first one is the W7 model (Nomoto et al. 1984), a (param-
eterized) 1D deflagration of a carbon-oxygen white dwarf close
to the Chandrasekhar mass (MCh CO WD) with 0.59M of 56Ni,
which is known to reproduce key observables of SNe Ia. Further,
we investigate the N100 model (Seitenzahl et al. 2013) which is
a delayed detonation model, i.e., the burning starts as 3D de-
flagration and transitions into a detonation later, of a MCh CO
WD. In this particular delayed detonation model, the explosion
produced 0.6M of 56Ni. The third model is a sub-Ch model
with a carbon-oxygen WD of 1.06M producing 0.56M of 56Ni
(Sim et al. 2010). In addition, we consider a merger model from
Pakmor et al. (2012) where two carbon-oxygen WDs of 0.9M
and 1.1M collide and ignite a detonation in which 0.62M of
56Ni are produced.
3. Microlensing on SNe Ia
The calculation of microlensing on SNe Ia is described in de-
tail by Huber et al. (2019), motivated by the work of Goldstein
et al. (2018). Both assume the W7 model for the SNe Ia, how-
ever Huber et al. (2019) calculate synthetic observables using the
radiative transfer code ARTIS (Kromer & Sim 2009) whereas
Goldstein et al. (2018) use SEDONA (Kasen et al. 2006). In the
following, we briefly summarize the general idea.
To calculate microlensed light curves, we use the emitted
specific intensity Iλ,e(t, p) at the source plane calculated via
ARTIS for a given SN model, where Iλ,e(t, p) is a function of
wavelength λ, time since explosion t and impact parameter p,
i.e. the projected distance from the ejecta center. We combine
Iλ,e(t, p) with magnification maps from GERLUMPH (Vernardos
et al. 2015, J. H. H. Chan in preparation), which uses the inverse
ray-shooting technique (e.g., Kayser et al. 1986; Wambsganss
et al. 1992; Vernardos & Fluke 2013) yielding the magnification
factor µ(x, y) as a function of cartesian coordinates x and y on
the source plane1.
Throughout this work, the specific intensity is treated in
spherical symmetry and has therefore just a 1D spatial depen-
dency on p. This approximation is exact for the W7 model and
the sub-Ch model of Sim et al. (2010), and good for the N100
model which produces nearly spherically symmetric ejecta, but
results inferred from the asymmetric merger model are question-
able. To estimate the impact of viewing angle effects we investi-
gate the asymmetries in the merger model by using only photons
from one half of the ejecta, e.g., only averaging over photons
that emerge in positive x-direction.
Magnification maps are determined by three main parame-
ters, namely the convergence κ, the shear γ and the smooth mat-
ter fraction s = 1 − κ∗/κ, where κ∗ is the convergence of the
stellar component. Further, we assume a Salpeter initial mass
function with a mean mass of the point mass microlenses of
〈M〉 = 0.35M. Details of the initial mass function have neg-
ligible impact on our studies (J. H. H. Chan in preparation). Our
maps have a resolution of 20000 × 20000 pixels with a total size2
of 10REin × 10REin. The Einstein Radius is a characteristic size
of the map and can be calculated via
REin =
√
4G〈M〉
c2
DsDds
Dd
, (1)
1 Note that µ denotes the magnification factor and not cos θ as usually
in radiative transfer equations.
2 As a crosscheck we have investigated for a few cases larger maps
with a total size of 20REin × 20REin, and our conclusions drawn in this
work do not depend on the size of the maps.
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Fig. 1: Transmission for all six LSST filter bands. The effec-
tive wavelengths are λeff,u = 3671 Å, λeff,g = 4827 Å, λeff,r =
6223 Å, λeff,i = 7546 Å, λeff,z = 8691 Å and λeff,y = 9712 Å.
where Ds, Dd and Dds are the angular diameter distances from
the observer to the source, from the observer to the lens (deflec-
tor), and between the lens and the source, respectively. To calcu-
late these distances we assume a flat ΛCDM cosmology where
we neglect the contribution of radiation (H0 = 72 km s−1 Mpc−1
and Ωm = 0.26 as assumed by Oguri & Marshall (2010, here-
after OM10), our reference for typical LSN Ia images used in
this work).
To calculate the observed microlensed flux we place the SNe
Ia in the magnification map and solve:
Fλ,o(t) =
1
Dlum2(1 + zs)
∫
dx
∫
dy Iλ,e(t, x, y) µ(x, y), (2)
where Dlum is the luminosity distance to the source. Further, we
interpolate the emitted specific intensity Iλ,e onto a 2D cartesian
grid (x, y) with the same spatial resolution as the microlensing
map and integrate over the whole size of the SN (Huber et al.
2019) which depends on the time after explosion. We then obtain
the AB-magnitudes via
mAB,X(ti) = −2.5 log10
( ∫
dλ λSX(λ) Fλ,o(t)∫
dλ SX(λ) c /λ
× cm2erg
)
− 48.6 (3)
(Bessell & Murphy 2012), where c is the speed of light and
SX(λ) is the transmission function3 for the LSST filter X (that
can be u, g, r, i, z, or y), which are illustrated in Figure 1.
4. Achromatic phase of LSNe Ia
In this section, we investigate the dependency of the achromatic
phase on different parameters. Section 4.1 probes the four dif-
ferent SN Ia models (W7, N100, sub-Ch model and the merger
models) under the assumption of spherical symmetry. In addi-
tion, the dependency on the smooth matter fraction s and differ-
ent image configurations (varying κ and γ) is discussed. Section
4.2 shows the dependency on the scale of the microlensing map
defined via REin, which depends on the source and lens redshifts,
zs and zd, respectively. In Section 4.3, effects of asymmetries
in the merger model are investigated. While Section 4.1 to 4.3
assume rest-frame color curves, redshifted color curves are in-
vestigated in Section 4.4. In Table 1, we summarize the number
of models and different magnification maps that are taken into
account in the different sections.
3 https://github.com/lsst/throughputs/tree/master/
baseline
Fig. 2: Distribution of κ and γ values for two differ-
ent image types (minimum and saddle, in red and blue,
respectively), showing the sample of the OM10 cata-
log and the six pairs we have investigated (κ, γ =
(0.29, 0.27), (0.36, 0.35), (0.43, 0.43), (0.57, 0.58), (0.70, 0.70),
(0.93, 0.93)). There are a few saddle points not shown in the plot
going up to κ and γ values of around 10.
Section models asymmetries zs, zd κ, γ s color curves
4.1 4 no 1 6 5 15
4.2 4 no 4 2 5 15
4.3 1 6 1 2 5 15
4.4 4 no 3 2 5 15
Table 1: Summary of the number of different parameters inves-
tigated in Sections 4.1 to 4.4. In Section 4.1 the dependency on
different models, smooth matter fractions and image configura-
tions is investigated. Section 4.2 exhibits the dependency on the
scale of the magnification map, Section 4.3 contains the inves-
tigations of asymmetries for the merger model, and Section 4.4
shows redshifted color curves.
4.1. SN Ia models, smooth matter fraction and image
configuration
To investigate the achromatic phase of LSNe Ia, we pick typical
lens and image configurations from the OM10 catalog (Oguri &
Marshall 2010). For the source and lens redshifts we assume zs =
0.77 and zd = 0.32 which are the median values of the OM10
catalog. We use redshifts in Sections 4.1 to 4.3 only to calculate
the scale of the microlensing maps, hence REin, and therefore
the color curves discussed in these sections are in the rest-frame.
The investigated κ and γ values are also based on OM10 and
shown in Figure 2 as six dark points for two different image
types (minimum and saddle, in red and blue, respectively). For
each of the two image types, the investigated points correspond
to the median values and the 16th and 84th percentiles of the
OM10 sample, taken separately for κ and γ. For each of the six
pairs of κ and γ, five different s values (0.1, 0.3, 0.5, 0.7, 0.9) are
considered, which cover typical s values at image positions of
galaxy-scale lenses (e.g., Schechter et al. 2014; Chen et al. 2018;
Bonvin et al. 2019). Magnification maps for most configurations
we investigate in this work are shown in Appendix A.
We draw for each map 10000 random positions and calcu-
late for each position all six LSST microlensed light curves fol-
lowing Equation (3) and from these the 15 LSST color curves
(obtained through all possible pair-wise combinations of the
light curves). For each color curve, we consider the 1σ band
(“full-width”, corresponding to the difference between the 84th
percentile and 16th percentile) and 2σ band (full-width, cor-
3
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responding to the difference between the 97.5th percentile and
2.5th percentile) from the 10000 random positions, which is
shown in Figure 3 for g-i for κ = 0.36, γ = 0.35 and s = 0.5
for all 4 SN models investigated in this work. We use 32 time
bins, covering rest-frame days 4.2 to 50.8 after explosion of the
SNe Ia.
The black vertical lines in Figure 3 correspond to the dura-
tion of the achromatic phase tachro which we define as the first
of two neighboring time bins where the 2σ band becomes larger
than the threshold
∆threshold = max(0.05 mag,∆3%), (4)
where ∆3% = 0.03 (max(color curve) − min(color curve)). The
reasoning behind these definitions is as follows. Typically the 2σ
band increases with time but for rare cases it can exceed ∆threshold
for a single time bin and then drop below that limit again. With
our definition of tachro, including more than one time bin which
exceeds ∆threshold, we skip such outliers. If multiple time bins are
within one day we require that all time bins exceed the ∆threshold
in the 2σ band and set tachro as the lowest time bin4.
To motivate the 0.05 mag criterion, we look at a LSNe Ia
at the median source redshift of OM10, zs = 0.77, and assume
as an image the median minimum corresponding to (κ, γ) =
(0.36, 0.35) leading to a macro-magnification of 3.5. According
to Huber et al. (2019), follow-up observations going between
1 and 2 mag deeper than LSST is ideal to measure time delays
of LSNe Ia. Assuming observations of around 1.5 mag deeper
than the LSST-like 5σ depth, we expect the 2σ uncertainties at
the light curve peak of around 0.025 mag in r and i bands and
higher uncertainties in other bands (LSST Science Collaboration
2009). This 2σ uncertainty corresponds to 0.05 mag in the 2σ
band, and therefore our first limit in Equation (4) assures that mi-
crolensing uncertainties within the achromatic phase are smaller
than typical observational uncertainties. This is a very conser-
vative estimate, especially for color curves having much larger
changes than 0.05 mag over time. This motivates the use of ∆3%
as the second criterion in Equation (4). This means that for color
curves covering more than ∼1.7 mag over time the 0.05 mag cri-
terion is replaced by the slightly larger value ∆3%. Variations of
color curves are always within 3 mag so uncertainties due to mi-
crolensing are kept within 0.09 mag in the achromatic phase.
As an illustration, the g-i color curve in the upper-right-hand
panel (sub-Ch) of Figure 3 would have an achromatic phase of
∼15 d with only the first criterion in Equation (4), but an achro-
matic phase of ∼35 d with both requirements, which is more
appropriate given the large color variation. As a cross check,
we have compared different definitions of the achromatic phase,
namely, using only ∆threshold = 0.05 or taking the mean of the first
two time bins instead of requiring multiple neighboring bins.
Although this changes the duration of the achromatic phase for
some cases, our general conclusions from averaging over many
different microlensing maps, color curves or models, are not in-
fluenced. While our definition of the achromatic phase is arbi-
trary to some extent, it is justified by looking at many plots as
shown in Figure 3, and we keep the definition consistent over
the whole work which allows us to compare different models
and microlensing parameters.
In Figure 3, we see that the duration of the achromatic phase
for this example depends on the SN Ia model. While the model
N100 has a short achromatic phase of ∼15 d, the merger and sub-
Ch models show a significantly longer duration of ∼35 d and the
4 Only relevant for first few time bins since time is binned logarith-
mically.
W7 model is in between with ∼25 d. This is related to the specific
intensity profiles, shown in Figure 4, for the radial distribution
of the radiation in the six LSST filters. The influence of different
specific intensity profiles on spectra and light curves is presented
in detail in Appendix A of Huber et al. (2019).
The profiles for filters g and i for the sub-Ch model and
N100 at day 14.9 show larger differences than W7 and the
merger model, explaining the much shorter achromatic phase for
the N100 model. The sub-Ch model reaches the 0.05 mag at a
similar time as the N100 model but given the large range cov-
ered by the color evolution, the achromatic phase of the sub-Ch
model is much longer. In the case of the merger model, the long
achromatic time is explained by the intensity profiles because for
later times (day 33.8), only the merger model still shows quite
similar intensity profiles in g and i explaining the longer duration
of the achromatic phase in the color curve g-i.
To draw a more general conclusion, we look at all color
curves for the 6 × 5 magnification maps (see Table 1) for dif-
ferent SN Ia models as shown in Figure 5. For each of the 30
magnification maps, we have per color curve and model a tachro
from the 10000 random positions as shown in Appendix B. The
vertical lines in Figure 5 mark the mean values from the 30 tachro,
and are matched in color/linestyles to that of the SN Ia models.
To measure time delays from color curves, features like extreme
points or turning points are necessary, and ideally these points
should be located within the achromatic phase. The compari-
son of the W7 model from this work to the one presented in
Goldstein et al. (2018), where a different radiative transfer code
has been used, shows a different trend in the color evolution.
Details about uncertainties in the light curve shapes due to dif-
ferent ionisation treatments in ARTIS can be found in Kromer
& Sim (2009). Even though the values of the color curves for
different models are offset, the overall color evolution do match
and show a similar trend as the observed SN2011fe (Nugent et al.
2011), which allows to draw conclusions from our models. LSST
color curves for SN2011fe have been calculated from spectra of
the SNfactory5 (Aldering et al. 2002; Pereira et al. 2013) us-
ing Equation (3). We note that data from the SNfactory cov-
ers only 3300 Å to 9700 Å and therefore color curves contain-
ing the y band cannot be calculated. Considering the u band, we
find that the filter transmission becomes relevant around 3200 Å.
Therefore our presented u band light curve is an approximation,
but a reasonably accurate one since flux drops further in the UV
region at short wavelengths and the LSST filter transmission in
the missing 100 Å region is low.
In Figure 5, color curves which are especially promising are
marked by a red frame and referred to as useful color curves;
these color curves have, for at least three SN models, substan-
tially non-linear features like extreme points and turning points
for delay measurements within their corresponding achromatic
phases. The most promising colors are rest-frame u-i, g-r, g-i,
and r-i. The colors u-g and u-r are also encouraging but only if
early features are captured. Therefore, to target the most promis-
ing color curves, rest-frame filters u, g, r, and i are necessary,
which lead to three independent color curves. If one takes the
shape of SN2011fe color curves into account g-r and g-i are
less promising since features are weaker and evolve slower than
predicted by the theoretical SNe models. Nevertheless the mes-
sage of the filters to target is not influenced since the other four
promising color curves include filters g, r, and i anyway.
If one considers the median source redshift of the OM10 of
zs = 0.77, the r band would be shifted from around 6200 Å
5 https://snfactory.lbl.gov/index.html
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Fig. 3: Rest-frame LSST color curves for 10000 random SN positions in the magnification map with κ = 0.36, γ = 0.35 and s = 0.5,
comparing microlensed color curves (with median in solid red, and 1σ and 2σ band in different shades) to non-microlensed ones
(dotted black). The vertical black lines indicate the duration of the achromatic phase. We find different durations of the achromatic
phase for different SN Ia models, where the N100 model in this specific case has the shortest and the merger model the longest
duration. This is just a specific case to illustrate the dependency of the achromatic phase on the specific intensity profiles. More
general conclusions can be drawn from Figures 5 and 6.
Fig. 4: Radial specific intensity profiles for four SN Ia models (W7, N100, the sub-Ch, and the merger model in the four labeled
columns) for the six LSST filters at rest-frame day 14.9 (top row) and day 33.8 (bottom row) after explosion, where REin = 2.9 ×
1016 cm for the median source and lens redshifts (zs, zd = 0.77, 0.32) based on OM10. Different SN Ia models yield different specific
intensity profiles, leading to different durations of the achromatic phase. The wiggles for low p values at Day 14.9 are most likely
due to Monte Carlos noise and we do not expect them to be physical. For our microlensing calculations, differences at higher p
values are more relevant, since events where micro caustics are crossed become more likely with larger radius.
to 11 000 Å and therefore mostly not observed in the LSST
bands. This means that from the six promising color curves just
rest-frame u-g will be fully observed within the LSST bands.
Assuming the nearby iPTF16geu system (zs = 0.409, Goobar
et al. (2017)), rest-frame u-g, u-r and g-r would be observed
fully but colors containing rest-frame i band only partly. This
suggests that follow-up observations should also be conducted in
the infrared, but the results show the problem that even though
we find on average an achromatic phase of around three rest-
frame weeks for nearly all colors, more than half of them might
not be useful for time-delay measurements due to the lack of fea-
tures in the color curves. A case where redshifted color curves
are investigated is discussed in Section 4.4.
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Fig. 5: All rest-frame LSST color curves without microlensing for four different SN Ia models in comparison to SN2011fe. The
vertical lines mark the mean duration of the achromatic phase by averaging over 30 microlensing magnification maps (see Appendix
B). Red frames indicate the color curves that are promising for time-delay measurements (i.e., color curves exhibiting features like
extreme points or turning points that are located within the achromatic phase).
We emphasize that these results are based on averaging
over the investigated sample of magnification maps. In special
cases, the achromatic phase might be much shorter. The re-
sults are summarized in Figure 6, where the median and the
16th to 84th percentiles of the achromatic-phase duration are
shown. From the left-hand panel, we find that the SN Ia mod-
els W7, sub-Ch and the merger yield on average a comparable
achromatic-phase duration, and the N100 model has a shorter
one. This might be related to the fact that the flux predicted by
the N100 model around maximum light is too red in comparison
to observations, which comes from an iron group element layer
around a Ni-56 core (Sim et al. 2013), influencing the specific
intensity profiles and therefore also the duration of the achro-
matic phase. However, given the uncertainties on the duration
(shown in the left-hand panel) and our tests of different criteria
for computing the achromatic-phase duration, we conclude that
we do not find a significant dependency of the average achro-
matic phase on the SN model. In addition, we find from the
right-hand panel that strong lensing images with a high macro-
magnification µ = ((1 − κ)2 − γ2)−1 are influenced more by mi-
crolensing than low magnification cases. Concerning the s value,
we find similar durations of the achromatic phase for s ≤ 0.5 and
an increased duration if we go to smoother maps (middle panel).
Depending on the position of the lensed images, an appropriate
s value can be chosen (Barnabe` et al. 2011a; Oguri et al. 2014;
Jime´nez-Vicente et al. 2015). Overall we can say that combina-
tions of κ, γ and s producing smoother microlensing maps yield
a longer achromatic phase.
The spread of the 1σ range in Figure 6 is large, because there
is quite some variation between different colors and microlens-
ing maps, which makes it hard to give a general recipe for using
color curves for time-delay measurements.
4.2. Scale of magnification map
To probe the dependency on the scale of the microlensing
map, namely REin, we investigate for κ, γ = (0.36, 0.35)
and κ, γ = (0.70, 0.70) a range of redshifts, (zs, zd) =
{(0.77, 0.32), (0.55, 0.16), (0.99, 0.48), (0.99, 0.16)}. The first
pair corresponds to the median values from the OM10 and the
second/third pair are the 16th and 84th percentile separately
taken for zs and zd. The fourth pair is the 84th percentile for
zs and 16th percentile of zd to increase the variety of different
REin. The results are summarized in Figure 7. We find the
trend that with larger REin the duration of the achromatic phase
becomes longer. This is due to the increasing physical size of
the magnification maps with larger REin which causes SNe Ia to
appear smaller in these maps, and events where micro caustics
are crossed will be less likely.
4.3. Asymmetric merger model
In this section, viewing angle effects are investigated for the
asymmetric merger model. We compare the spherically sym-
metric approach, which takes into account photon packets leav-
ing the SN Ia ejecta in any direction and averages over them to
get the 1D dependency on the impact parameter p, to six cases
where only photons from one half of the ejecta are taken into
account, e.g., just photons which leave the ejecta at a positive x-
coordinate which we label as x > 0. For this subset we also cal-
culate the 1D impact parameter, but just averaging over photons
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Fig. 6: Duration of the achromatic phase in rest-frame days for different SN Ia models (left-hand panel), different smooth matter
fractions s (middle panel), and image configurations from strong lensing with their respective magnification factors µ shown in the
color bar (right-hand panel). For these plots a sample of four models, six different κ and γ values, five different s values and 15 color
curves has been investigated where we average over all parameters not shown on the x-axis. The dots correspond to the median,
and the vertical bars indicate the range from the 16th to 84th percentiles. Due to limits in computing time, we only investigated
the achromatic phase up to rest-frame day 50.8; therefore, for cases close to that limit, the presented result are a lower limit on the
achromatic phase. While the median achromatic phase is typically &20 rest-frame days, the spread due to different microlensing
maps and color curves is quite large and the results can be seen in detail in Appendix B.
Fig. 7: Duration of achromatic phase as a function of REin, the
scale of variations in the microlensing map. The dots corre-
spond to the median and the vertical bars indicate the range
from the 16th to 84th percentile for the sample of four models,
two different κ and γ pairs, five different s values and 15 color
curves that have been investigated, where we average over all
parameters not shown on the x-axis. Redshifts of the lens and
SN, that yield larger Einstein radius tend to have longer achro-
matic phase. From left to right, REin corresponds to (zs, zd) =
(0.99, 0.48), (0.77, 0.32), (0.55, 0.16), (0.99, 0.16).
leaving the ejecta at x > 0. The other cases that we investigate
are x < 0, y > 0, y < 0, z > 0 and z < 0, and the results are shown
in Figure 8. We find that viewing angle effects influence shapes
of color curves and also the duration of the achromatic phase,
but only slightly and therefore useful color curves (marked by
blue frames) are the same as those pointed out in Section 4.1.
4.4. Redshifted color curves
Section 4.1 indicates that most useful color curves (curves with
features for measuring time delays within the achromatic phase)
in the SN rest-frame will be shifted to the infrared regime for
typical redshifts expected for LSNe Ia. This section investigates
if useful color curves can still be found in ugrizy coming from
the rest-frame ultraviolet (UV), taking into account typical red-
shifts of SNe Ia. For this, we consider a set of representative
redshifts: zs, zd = {(0.55, 0.16), (0.77, 0.32), (0.99, 0.48)}.
The results for zs = 0.55 are shown in Figure 9. In com-
parison to the rest-frame bands, we see from Figure 1 that the
u band will be observed in r, the g band in i, the r band in y,
and the rest will be in the infrared regime not covered by LSST
filters. Accordingly, we find three useful rest-frame color curves
from Figure 5 in Figure 9, namely u-g is redshifted roughly to
r-i, u-r to r-y, and g-r to i-y, although only two of the color
curves are independent. Unfortunately none of the color curves
coming from the rest-frame UV show strong features within the
achromatic phase in at least three models that would be promis-
ing for time-delay measurements. The cases for zs = 0.77 and
zs = 0.99 are presented in Appendix C. For zs = 0.77 we find two
useful independent color curves for time-delay measurement,
namely i-z and z-y, but at zs = 0.99 there is only z-y remain-
ing in the observed u through y bands. For some color curves
like g-i for zs = 0.55 or r-z for zs = 0.77 one might argue that
they are also useful if early features are captured but this is be-
cause they still contain a substantial amount of rest-frame u-g.
Nevertheless we see the trend that with higher redshifts useful
color curves are shifted to bands covering higher wavelengths
but there are no useful color curves coming from the rest-frame
UV. Therefore, the number of useful color curves observed in u
through y bands decreases with higher redshift. As discussed by
Suyu et al. (2020), the exact spectral shapes particularly of the
rest-frame UV spectra depend on various approximations used
in the radiative transfer calculations, such as metallicity of the
progenitor or the number of ionisation states (e.g., Lucy 1999;
Lentz et al. 2000; Kromer & Sim 2009; Walker et al. 2012;
Dessart et al. 2014; Kromer et al. 2016; Noebauer et al. 2017),
and therefore the shapes of color curves in the rest-frame UV
are more uncertain. With future more detailed radiative transfer
calculations, one might find useful color curves also in the rest-
frame UV but chances are low since only rest-frame UV colors
of the merger model show features within the achromatic phase,
and all other models do not (see Appendix C).
Nevertheless these results suggest to follow-up more in the
infrared regime that corresponds to the promising rest-frame
color curves shown in Figure 5, especially for zs & 0.6. Apparent
magnitudes for the six LSST filters as well as three infrared
bands (J, H and K) are shown in Figure 10. From this we find
7
S. Huber et al.: Achromatic Phase of Strongly Lensed Type Ia Supernovae
Fig. 8: All rest-frame LSST color curves without microlensing for the merger model assuming spherical symmetry and six asym-
metric versions of the merger model. The vertical lines indicate the duration of the achromatic phase and blue frames mark color
curves that are promising for time-delay measurements. The similarities between the symmetric case and the asymmetric cases
show that viewing angle effects do not influence our conclusions.
that in the u and K bands the light curves are too faint but follow-
up in all other bands seems reasonable. Huber et al. (2019) have
investigated light curves for time-delay measurement and found
that the combination of g, r and i performs a few percent better
than r, i and z. The reason for this is the assumed LSST-like 5σ
depth, which is nearly two magnitudes shallower in the z band
in comparison to the g band (in single visits). In the context of
this work, riz might be chosen over gri for having more useful
color curves. Nevertheless, three bands are not ideal since this
would result in just two independent color curves. The more fil-
ters used for follow-up the higher the chances are to get promis-
ing color curves. A set of six filters including r, i, z, y, J and
H seems most promising, as this would include all useful rest-
frame LSST color curves shown in Figure 5 for typical source
redshifts. If resources for a further band are available, then also
the g band can be used. Covering this range of bands with a sin-
gle follow-up telescope might be challenging. If only an optical
or only an infrared facility is available, then we recommend to
observe in the redder parts of the optical coverage (rizy bands)
since these bands would yield better quality light curves given
that LSNe Ia are bright there and observational uncertainties are
lower than in the infrared regime. Only for high redshift cases
(zs & 0.9) it would be worth to prefer the near-infrared over the
optical range.
5. Discussion and summary
According to Goldstein et al. (2018), the achromatic phase lasts
for three rest-frame weeks for the W7 model (Nomoto et al.
1984), which means that in this time frame, color curves are
nearly independent of microlensing and therefore promising for
time-delay measurements. In our work, we have investigated in
addition to the W7 model, a sub-Ch model (Sim et al. 2010), a
merger model (Pakmor et al. 2012), and a 3D delayed detonation
model (model N100 of Seitenzahl et al. 2013). Our results are in
good agreement with Goldstein et al. (2018) leading on average
to an achromatic phase around three rest-frame weeks or longer.
Further, we do not find a significant model dependency and also
asymmetries in the merger model do not have a strong influence
on the duration of the achromatic phase. While this sounds very
promising for time-delay measurements, there are also down-
sides to report. From the 15 rest-frame LSST color curves, only
six show promising features for time-delay measurements and
just three of them are independent. These color curves contain
combinations of the rest-frame filters u, g, r, and i. To observe
these for typical LSN Ia redshifts, follow-up from bands r to H
is necessary. In an ideal follow-up scenario, one would observe
in bands r, i, z, y, J, H and optionally also g. The bare minimum
should cover r, i, and z. Observations just in three filters would
make time-delay measurements from color curves hard, but in
riz one can expect good quality light curves which can also be
used for time-delay measurements (Huber et al. 2019) although
microlensing uncertainties are larger.
Even though the duration of the average achromatic phase is
around three rest-frame weeks or longer for most color curves,
the spread of the duration is quite large. Depending on the con-
figuration in the microlensing map, a very short achromatic
phase of just a few days is also possible. Overall we find a
longer achromatic phase for smoother microlensing maps (high
s value), image configurations with lower magnification factors,
and combinations of zs, zd which yield a larger Einstein radius
REin.
This study provides general guidance on the observing filters
to follow-up LSN Ia. In a real detection of a LSNe Ia where we
have the SN redshift measurement, we can further refine and
optimise the filters we have to employ to get promising color
curves on a case-by-case basis.
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Fig. 9: All redshifted (zs = 0.55) LSST color curves without microlensing for four different SN Ia models. The vertical lines mark
the duration of the achromatic phase and red frames indicate color curves which are promising for time-delay measurements, i.e.,
color curves exhibiting features like extreme points or turning points that are located within the achromatic phase.
Fig. 10: Redshifted observed light curves for nine different filters
and three different redshifts assuming the sub-Ch model. Light
curves are too faint in the u and K bands but all other bands are
potential candidates for follow-up observations.
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Appendix A: Microlensing maps
Fig. A.1: Magnification maps for six different κ and γ values with smooth matter fraction s = 0.1, 0.5, 0.9.
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Appendix B: Achromatic phase in detail
κ, γ s u-g u-r u-i u-z u-y g-r g-i g-z g-y r-i r-z r-y i-z i-y z-y
W7
0.36 , 0.35
0.1 39.8 31.1 28.7 19.0 19.0 31.1 24.3 16.2 16.2 31.1 16.2 14.9 17.5 17.5 31.1
0.3 36.6 31.1 28.7 19.0 17.5 26.4 24.3 14.9 14.9 31.1 14.9 13.7 17.5 17.5 31.1
0.5 36.6 31.1 26.4 17.5 17.5 26.4 24.3 14.9 14.9 28.7 14.9 13.7 17.5 16.2 31.1
0.7 39.8 31.1 31.1 36.6 33.8 31.1 24.3 17.5 19.0 50.8 17.5 16.2 19.0 19.0 33.8
0.9 50.8 39.8 39.8 46.8 39.8 36.6 36.6 50.8 39.8 50.8 43.2 50.8 43.2 50.8 43.2
0.29 , 0.27
0.1 39.8 31.1 28.7 33.8 31.1 31.1 24.3 16.2 17.5 31.1 16.2 14.9 19.0 17.5 31.1
0.3 39.8 31.1 28.7 33.8 31.1 31.1 24.3 16.2 17.5 46.8 16.2 16.2 17.5 17.5 33.8
0.5 39.8 31.1 28.7 19.0 19.0 31.1 24.3 16.2 16.2 31.1 16.2 14.9 17.5 17.5 31.1
0.7 46.8 33.8 33.8 39.8 36.6 33.8 31.1 39.8 36.6 50.8 43.2 22.4 24.3 22.4 39.8
0.9 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8
0.43 , 0.43
0.1 39.8 31.1 28.7 19.0 19.0 31.1 24.3 16.2 16.2 31.1 16.2 14.9 17.5 17.5 31.1
0.3 39.8 31.1 28.7 17.5 17.5 26.4 24.3 14.9 14.9 31.1 14.9 4.0 17.5 17.5 31.1
0.5 36.6 31.1 26.4 17.5 17.5 26.4 24.3 14.9 14.9 28.7 14.9 13.7 17.5 16.2 31.1
0.7 33.8 28.7 26.4 17.5 16.2 26.4 24.3 14.9 13.7 28.7 14.9 4.0 17.5 16.2 31.1
0.9 39.8 31.1 31.1 33.8 33.8 31.1 24.3 16.2 17.5 50.8 16.2 16.2 19.0 17.5 33.8
0.70 , 0.70
0.1 33.8 26.4 24.3 16.2 14.9 24.3 22.4 13.7 13.7 24.3 13.7 4.0 16.2 13.7 28.7
0.3 33.8 26.4 24.3 16.2 16.2 24.3 22.4 14.9 13.7 26.4 14.9 13.7 17.5 14.9 28.7
0.5 31.1 26.4 24.3 14.9 13.7 24.3 22.4 12.6 11.6 17.5 12.6 4.0 16.2 13.7 22.4
0.7 33.8 31.1 28.7 33.8 31.1 28.7 24.3 17.5 17.5 28.7 17.5 16.2 19.0 19.0 31.1
0.9 50.8 39.8 43.2 46.8 43.2 39.8 39.8 50.8 43.2 50.8 43.2 50.8 43.2 50.8 43.2
0.57 , 0.58
0.1 36.6 28.7 26.4 17.5 17.5 26.4 24.3 14.9 14.9 28.7 14.9 4.0 17.5 16.2 31.1
0.3 36.6 31.1 26.4 17.5 17.5 26.4 24.3 14.9 14.9 28.7 14.9 4.0 17.5 16.2 31.1
0.5 33.8 26.4 24.3 16.2 16.2 24.3 22.4 13.7 13.7 24.3 13.7 4.0 16.2 14.9 28.7
0.7 31.1 26.4 24.3 14.9 14.9 24.3 22.4 12.6 4.0 24.3 4.0 4.0 16.2 13.7 20.7
0.9 31.1 26.4 24.3 14.9 13.7 22.4 22.4 12.6 11.6 16.2 12.6 5.6 16.2 13.7 20.7
0.93 , 0.93
0.1 33.8 28.7 26.4 19.0 17.5 26.4 24.3 16.2 16.2 28.7 16.2 14.9 17.5 17.5 31.1
0.3 33.8 28.7 26.4 19.0 17.5 26.4 24.3 16.2 16.2 28.7 16.2 14.9 17.5 17.5 31.1
0.5 43.2 33.8 31.1 36.6 33.8 33.8 28.7 20.7 33.8 50.8 19.0 19.0 20.7 20.7 36.6
0.7 50.8 39.8 39.8 46.8 39.8 36.6 36.6 50.8 39.8 50.8 43.2 50.8 43.2 50.8 43.2
0.9 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8
mean 39.2 32.2 30.4 26.8 25.3 30.3 27.4 22.1 21.2 35.1 21.1 18.1 22.6 22.5 33.1
N100
0.36 , 0.35
0.1 20.7 17.5 14.9 31.1 17.5 19.0 12.6 17.5 19.0 26.4 13.7 4.0 9.1 43.2 14.9
0.3 19.0 17.5 14.9 31.1 17.5 19.0 12.6 17.5 19.0 26.4 13.7 4.0 9.1 43.2 14.9
0.5 19.0 16.2 14.9 31.1 17.5 19.0 13.7 16.2 19.0 26.4 13.7 26.4 9.1 43.2 14.9
0.7 20.7 19.0 16.2 31.1 19.0 20.7 16.2 19.0 28.7 50.8 14.9 43.2 12.6 43.2 16.2
0.9 43.2 31.1 33.8 50.8 33.8 39.8 39.8 50.8 36.6 50.8 24.3 50.8 43.2 50.8 39.8
0.29 , 0.27
0.1 20.7 17.5 16.2 31.1 19.0 20.7 14.9 17.5 20.7 26.4 14.9 43.2 9.9 43.2 14.9
0.3 20.7 17.5 16.2 31.1 19.0 20.7 16.2 19.0 26.4 28.7 14.9 43.2 11.6 43.2 16.2
0.5 20.7 17.5 14.9 31.1 19.0 19.0 14.9 17.5 20.7 26.4 13.7 43.2 10.7 43.2 14.9
0.7 31.1 26.4 28.7 36.6 31.1 33.8 36.6 43.2 36.6 50.8 20.7 46.8 20.7 50.8 20.7
0.9 50.8 46.8 46.8 43.2 46.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 46.8
0.43 , 0.43
0.1 20.7 17.5 14.9 31.1 19.0 19.0 13.7 17.5 20.7 26.4 4.0 4.0 9.1 43.2 14.9
0.3 19.0 17.5 13.7 31.1 17.5 19.0 12.6 17.5 19.0 26.4 4.0 4.0 5.1 43.2 14.9
0.5 19.0 16.2 13.7 31.1 17.5 17.5 11.6 16.2 19.0 26.4 4.0 4.0 7.1 9.1 13.7
0.7 17.5 16.2 12.6 31.1 16.2 17.5 11.6 4.0 4.0 26.4 4.0 4.0 4.0 4.0 13.7
0.9 22.4 19.0 17.5 31.1 20.7 22.4 16.2 19.0 28.7 50.8 14.9 43.2 11.6 43.2 16.2
0.70 , 0.70
0.1 14.9 13.7 10.7 28.7 14.9 16.2 10.7 4.0 4.0 13.7 4.0 4.0 4.0 4.0 12.6
0.3 14.9 13.7 11.6 26.4 14.9 16.2 11.6 13.7 17.5 13.7 5.1 24.3 7.1 7.7 12.6
0.5 13.7 12.6 10.7 24.3 14.9 16.2 10.7 4.0 4.0 12.6 4.0 4.0 4.0 4.0 12.6
0.7 19.0 17.5 14.9 28.7 17.5 19.0 16.2 17.5 20.7 26.4 14.9 43.2 11.6 43.2 14.9
0.9 36.6 31.1 33.8 43.2 33.8 39.8 39.8 50.8 39.8 50.8 39.8 50.8 39.8 50.8 39.8
0.57 , 0.58
0.1 17.5 16.2 12.6 28.7 16.2 17.5 11.6 16.2 17.5 24.3 4.0 4.0 5.1 7.7 13.7
0.3 19.0 16.2 12.6 31.1 17.5 17.5 11.6 16.2 17.5 26.4 4.0 4.0 5.1 9.1 13.7
0.5 16.2 14.9 11.6 28.7 14.9 16.2 10.7 4.0 4.0 24.3 4.0 4.0 4.0 4.0 12.6
0.7 14.9 12.6 9.9 26.4 14.9 16.2 9.9 4.0 4.0 12.6 4.0 4.0 4.0 4.0 12.6
0.9 13.7 12.6 9.9 20.7 13.7 14.9 10.7 5.1 4.0 11.6 4.0 4.0 4.0 4.0 12.6
0.93 , 0.93
0.1 19.0 16.2 13.7 28.7 17.5 19.0 13.7 16.2 19.0 26.4 13.7 26.4 9.9 43.2 14.9
0.3 17.5 16.2 13.7 28.7 16.2 19.0 13.7 16.2 19.0 24.3 13.7 26.4 9.9 39.8 14.9
0.5 22.4 20.7 20.7 31.1 22.4 24.3 31.1 20.7 31.1 50.8 17.5 43.2 14.9 43.2 17.5
0.7 31.1 26.4 28.7 36.6 31.1 36.6 36.6 50.8 36.6 50.8 24.3 50.8 36.6 50.8 24.3
0.9 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8
mean 22.9 20.2 18.5 32.2 21.4 23.2 19.5 21.1 22.0 31.3 14.5 25.3 14.5 32.1 18.9
Table B.1: Duration of the achromatic phase tachro in rest-frame days for all 15 LSST color curves for the W7 and N100 model and
30 different microlensing magnification maps (κ, γ, and s) as in Section 4.1, where for each map 10000 random positions are drawn.
The mean values are plotted in Figure 5.
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κ, γ s u-g u-r u-i u-z u-y g-r g-i g-z g-y r-i r-z r-y i-z i-y z-y
sub-Ch
0.36 , 0.35
0.1 31.1 31.1 31.1 17.5 14.9 36.6 36.6 12.6 10.7 50.8 14.9 6.0 14.9 6.6 26.4
0.3 31.1 28.7 31.1 16.2 13.7 36.6 36.6 11.6 9.9 50.8 14.9 6.0 14.9 6.0 24.3
0.5 28.7 28.7 28.7 16.2 12.6 36.6 33.8 11.6 9.9 50.8 14.9 6.6 14.9 6.6 24.3
0.7 31.1 31.1 31.1 36.6 31.1 36.6 36.6 14.9 13.7 50.8 16.2 14.9 17.5 12.6 26.4
0.9 46.8 39.8 43.2 50.8 43.2 46.8 46.8 50.8 46.8 50.8 46.8 50.8 46.8 50.8 46.8
0.29 , 0.27
0.1 31.1 31.1 31.1 19.0 17.5 36.6 36.6 12.6 11.6 50.8 16.2 7.7 16.2 7.7 26.4
0.3 31.1 31.1 31.1 36.6 31.1 36.6 36.6 13.7 12.6 50.8 16.2 11.6 17.5 10.7 26.4
0.5 31.1 31.1 31.1 20.7 17.5 36.6 36.6 12.6 11.6 50.8 16.2 9.9 17.5 9.1 26.4
0.7 33.8 33.8 36.6 43.2 36.6 43.2 43.2 50.8 43.2 50.8 43.2 50.8 39.8 50.8 39.8
0.9 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8
0.43 , 0.43
0.1 31.1 31.1 31.1 17.5 14.9 36.6 36.6 11.6 9.9 50.8 14.9 6.0 14.9 6.0 26.4
0.3 31.1 31.1 31.1 16.2 12.6 36.6 36.6 11.6 9.9 50.8 4.0 5.6 6.0 6.0 24.3
0.5 28.7 28.7 28.7 16.2 12.6 36.6 33.8 11.6 9.1 50.8 4.0 5.6 6.0 6.0 24.3
0.7 28.7 28.7 28.7 14.9 9.9 36.6 33.8 9.1 8.4 46.8 4.0 4.4 4.0 5.6 20.7
0.9 31.1 31.1 31.1 36.6 31.1 36.6 36.6 13.7 12.6 50.8 16.2 12.6 17.5 11.6 26.4
0.70 , 0.70
0.1 26.4 26.4 26.4 12.6 8.4 12.6 28.7 6.0 6.6 28.7 4.0 4.4 4.0 4.4 19.0
0.3 26.4 28.7 28.7 14.9 10.7 13.7 31.1 9.9 9.1 31.1 6.0 6.0 6.6 6.0 20.7
0.5 26.4 26.4 26.4 11.6 8.4 12.6 16.2 6.6 7.7 26.4 4.0 4.4 4.0 5.6 17.5
0.7 28.7 28.7 28.7 33.8 31.1 36.6 36.6 14.9 14.9 46.8 17.5 14.9 17.5 14.9 26.4
0.9 39.8 36.6 39.8 50.8 39.8 46.8 46.8 50.8 46.8 50.8 46.8 50.8 46.8 50.8 43.2
0.57 , 0.58
0.1 28.7 28.7 28.7 16.2 11.6 36.6 33.8 9.9 8.4 46.8 4.0 4.4 6.0 5.6 22.4
0.3 28.7 28.7 28.7 16.2 11.6 36.6 33.8 11.6 9.1 46.8 4.0 5.6 6.0 6.0 24.3
0.5 28.7 28.7 28.7 12.6 9.1 13.7 31.1 8.4 7.7 46.8 4.0 4.4 4.0 5.6 19.0
0.7 26.4 26.4 26.4 11.6 7.7 12.6 16.2 5.6 6.0 26.4 4.0 4.4 4.0 4.4 17.5
0.9 24.3 13.7 26.4 11.6 9.1 12.6 16.2 7.7 7.7 26.4 4.0 5.6 5.6 5.6 17.5
0.93 , 0.93
0.1 28.7 28.7 28.7 17.5 14.9 36.6 33.8 12.6 11.6 46.8 16.2 10.7 14.9 9.9 24.3
0.3 28.7 28.7 28.7 16.2 13.7 36.6 33.8 11.6 9.9 46.8 14.9 7.7 14.9 7.7 24.3
0.5 31.1 31.1 33.8 36.6 33.8 39.8 39.8 19.0 39.8 50.8 20.7 19.0 20.7 19.0 31.1
0.7 36.6 36.6 36.6 46.8 36.6 43.2 43.2 50.8 43.2 50.8 43.2 50.8 43.2 50.8 39.8
0.9 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8
mean 31.9 31.2 32.1 25.6 21.6 34.1 35.4 19.2 18.3 46.1 17.9 16.4 18.3 16.5 27.9
merger
0.36 , 0.35
0.1 43.2 36.6 36.6 5.1 4.0 39.8 39.8 4.0 4.0 50.8 4.0 4.0 5.6 4.7 24.3
0.3 43.2 36.6 36.6 17.5 4.7 39.8 39.8 4.0 4.0 50.8 4.4 4.0 5.6 4.7 24.3
0.5 39.8 33.8 33.8 14.9 4.7 36.6 36.6 4.7 4.7 50.8 4.7 4.7 5.6 4.7 24.3
0.7 43.2 36.6 39.8 22.4 43.2 39.8 39.8 13.7 8.4 50.8 14.9 8.4 17.5 17.5 28.7
0.9 50.8 46.8 46.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 43.2 50.8 43.2 50.8 43.2
0.29 , 0.27
0.1 43.2 36.6 36.6 17.5 8.4 39.8 39.8 5.1 4.7 50.8 5.1 4.7 13.7 5.6 28.7
0.3 43.2 36.6 36.6 19.0 43.2 39.8 39.8 6.0 5.6 50.8 6.0 5.6 14.9 7.7 28.7
0.5 43.2 36.6 36.6 19.0 14.9 39.8 39.8 6.0 5.6 50.8 6.0 5.6 13.7 8.4 24.3
0.7 50.8 43.2 43.2 28.7 46.8 46.8 43.2 24.3 46.8 50.8 22.4 50.8 24.3 50.8 39.8
0.9 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8
0.43 , 0.43
0.1 43.2 39.8 39.8 4.4 4.0 39.8 39.8 4.0 4.0 50.8 4.0 4.0 4.7 4.7 28.7
0.3 43.2 36.6 36.6 4.0 4.0 39.8 39.8 4.0 4.0 50.8 4.0 4.0 4.7 4.7 24.3
0.5 43.2 36.6 36.6 4.4 4.0 39.8 36.6 4.0 4.0 50.8 4.0 4.0 4.7 4.7 24.3
0.7 39.8 33.8 33.8 4.0 4.0 36.6 36.6 4.0 4.0 50.8 4.0 4.0 4.7 4.0 24.3
0.9 46.8 39.8 39.8 22.4 43.2 43.2 39.8 13.7 9.9 50.8 14.9 9.1 17.5 19.0 33.8
0.70 , 0.70
0.1 22.4 28.7 28.7 4.0 4.0 31.1 33.8 4.0 4.0 46.8 4.0 4.0 4.7 4.0 22.4
0.3 22.4 28.7 28.7 10.7 5.1 31.1 33.8 4.7 4.7 46.8 5.1 4.7 5.6 4.7 22.4
0.5 20.7 22.4 24.3 4.4 4.0 28.7 31.1 4.0 4.0 46.8 4.0 4.0 4.7 4.7 20.7
0.7 31.1 33.8 33.8 19.0 20.7 36.6 36.6 11.6 8.4 50.8 11.6 8.4 14.9 11.6 24.3
0.9 50.8 46.8 46.8 50.8 46.8 50.8 46.8 50.8 50.8 50.8 43.2 50.8 43.2 50.8 43.2
0.57 , 0.58
0.1 36.6 33.8 33.8 4.0 4.0 36.6 36.6 4.0 4.0 50.8 4.0 4.0 4.7 4.0 24.3
0.3 39.8 33.8 33.8 4.0 4.0 39.8 36.6 4.0 4.0 50.8 4.0 4.0 4.7 4.7 24.3
0.5 24.3 31.1 31.1 4.0 4.0 33.8 33.8 4.0 4.0 50.8 4.0 4.0 4.7 4.0 22.4
0.7 20.7 24.3 26.4 4.0 4.0 28.7 33.8 4.0 4.0 46.8 4.0 4.0 4.7 4.0 20.7
0.9 19.0 20.7 20.7 4.4 4.0 26.4 31.1 4.0 4.0 43.2 4.0 4.0 4.7 4.7 20.7
0.93 , 0.93
0.1 31.1 33.8 33.8 17.5 13.7 36.6 36.6 7.7 7.1 50.8 7.7 6.6 13.7 8.4 24.3
0.3 26.4 31.1 31.1 16.2 9.9 33.8 36.6 6.0 5.6 50.8 6.0 5.6 12.6 7.1 22.4
0.5 46.8 39.8 39.8 33.8 43.2 43.2 39.8 19.0 43.2 50.8 20.7 22.4 20.7 26.4 33.8
0.7 46.8 43.2 43.2 50.8 46.8 46.8 46.8 50.8 46.8 50.8 39.8 50.8 39.8 50.8 43.2
0.9 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8 50.8
mean 38.6 36.1 36.4 18.8 19.9 39.2 39.2 14.3 15.2 50.0 13.5 14.8 15.5 16.1 29.1
Table B.2: Duration of the achromatic phase tachro in rest-frame days for all 15 LSST color curves for the sub-Ch and the merger
model and 30 different microlensing magnification maps (κ, γ, and s) as in Section 4.1, where for each map 10000 random positions
are drawn. The mean values are plotted in Figure 5.
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Appendix C: Redshifted color curves
Fig. C.1: All redshifted LSST color curves without microlensing for four different SN Ia models similar as in Figure 9 but at
zs = 0.77.
Fig. C.2: All redshifted LSST color curves without microlensing for four different SN Ia models similar as in Figure 9 but at
zs = 0.99.
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